To explore the hydration process of fly ash-cement blended mixtures, the degrees of the fly ash and cement reactions as well as the content of nonevaporated water were determined at various water to binder ratios, curing ages, and fly ash incorporation amounts. An equation describing the relationship between the degree of hydration and the effective water to binder ratio was established based on the experimental results. In addition, a simplified scheme describing a model of the degree of reaction in fly ash-cement mixtures is proposed. Finally, using reaction stoichiometry, quantitative equations for the hydration products of fly ash-cement blended pastes are proposed by considering the hydration reactions of fly ash and cement as well as their interactions. The predicted results of the enhanced degree of cement hydration, content of calcium hydroxide (CH), and porosity are consistent with the experimental data.
Introduction
Along with the scale of industrial production, the content requirements of concrete used in construction are increasing; at the same time, due to the shortage of energy and mineral resources, the demand for high-performance cement has become much greater. One important way of addressing this demand is to produce high-performance cement, regulated supplementary cementitious materials, and high cementitious clinker composites [1] [2] [3] . Recently, supplementary cementitious materials have been widely used in concrete, either in blended cements or added separately in cementbased materials [4] . These supplementary cementitious materials, which are powdery industrial by-products, such as fly ash from coal combustion; silica fume from ferrosilicon alloy manufacture; and blast-furnace slag, a byproduct of pig iron production, have latent hydraulic activity or volcanic properties. Fly ash is known as a pozzolana that possesses little or no cementitious value [5] , and it accelerates the rate of cement hydration by a surface absorption effect [6] and a heterogeneous nucleation effect [7] . Therefore, fly ash can significantly improve the cured mechanical properties [8] and durability [9, 10] of cement-based materials. In addition, due to their spherical geometry, fly ash particles can improve the workability of fresh pastes [11] . Accordingly, fly ash, mixed with cement-based composite materials, greatly improves the performance of concrete and makes the microstructure of the composite material more complex.
To accurately investigate the volume fraction of each phase in cement-fly ash mixtures, the degree of hydration of cement and fly ash must first be determined. The experimental methods for measuring the degree of hydration of pure cement mainly include the hydration heat method [12] [13] [14] , the CH measurement method [15, 16] , the nonevaporated water method [5, 17] , the backscattered electron microscopy method [18, 19] , and the XRD quantitative analysis method [20] [21] [22] . For the fly ash-cement composite cementitious system, because of the simultaneous presence of the cement hydration reaction and the fly ash reaction, the amount of nonevaporated water and CH water hydration products 2 Advances in Materials Science and Engineering cannot be used to distinguish the hydration degrees of the individual components. To accurately study the hydration degree of cement and the reaction degree of fly ash in fly ash-cement mixtures, Suprenant and Papadopoulos [23] tested the degree of reaction of fly ash-cement blended pastes using selective dissolution by hydrochloric acid. Lam et al. [5] studied the hydration process of fly ash-cement composites and measured the hydration degree of cement and the reaction degree of fly ash in composite materials by determining the chemically combined water and using selective dissolution by hydrochloric acid. Bentz et al. [24] studied the fly ash reaction in two different blended cementfly ash systems using a selective dissolution technique based on ethylene diamine tetra acetic acid (EDTA) combined with NaOH, diluted NaOH solution, and portlandite content. For hydration models of fly ash blended cement, a kinetic hydration model [25] and a synthetic model [26] were used to simulate hydration of cement-fly ash blends based on a multicomponent concept, respectively. However, the microstructures of fly ash-cement mixtures are complex and have not been characterized quantitatively. The unhydrated particles, the main hydration product, and calcium silicate hydrate (C-S-H) are complex and change with time, temperature, water to cement ratio, and fly ash incorporation. This paper proposes a hydration model for fly ash-cement blended pastes that is based on the reaction degree and hydration products. This model is not only related to the hydration reactions of fly ash and cement but is also influenced by their interaction.
Experimental Procedures

Materials.
The mass ratio of Portland cement clinker and gypsum was set at 95 : 5. These components were mixed and milled to a specific surface area of 310 m 2 /kg. Fly ash, similar to ASTM Class F fly ash, was supplied by the Nanjing Thermal Power Plant. The cement and fly ash were dried at 105 ∘ C and then sieved to remove the coarse particles larger than 0.08 mm. Their chemical compositions are shown in Table 1 .
Methods
Sample Preparation.
The mix proportions of blended materials are listed in Table 2 . The fresh cement paste was put into sealed bags and held to a predetermined age in a standard curing chamber (20 ∘ C and 95% humidity). To prevent bleeding and layering of the pastes, the sealed bags were inverted every 15 minutes prior to the initial setting of the fly ash-cement mixtures. 
Determination of the Quantity of Nonevaporated Water.
The hardened pastes were crushed and mixed with ethanol, and then approximately 1 g of sample was weighed (accurate to 0.1 mg) after drying. The initial moisture contents of the samples were recorded as 0 , and the samples were then heated to 900 ∘ C at 10 ∘ C/min in a high-temperature furnace and held at this temperature for 30 minutes. Next, the pastes were taken out, cooled in the dryer, and weighed using an electronic balance. Finally, the masses of the samples were recorded as 900 ∘ C . Each group of samples was analyzed 3 times in parallel tests, and the average value was determined. The nonevaporated water values of the hardened pastes were calculated by the following equation:
where is the quantity of nonevaporated water, L is loss on ignition, and = ( 0 − 900 ∘ C )/ 0 . C is loss on ignition of raw materials.
Measurement of Degree of Reaction
(1) Degree of the Cement Reaction. Based on the Bogue composition of the cement calculated using the oxide contents and the reported chemically bound water contents of the compounds [27] , the degree of cement hydration in a pure cement paste can be calculated using the following equation:
where C is the hydration degree of cement, %.
(2) Degree of the Fly Ash Reaction. The samples of hardened paste were crushed and soaked for 25 min in isopropyl alcohol. The samples were milled so that all passed through a 0.08 mm sieve that was equipped with ethanol and a vacuum filter. After filtration, the powder samples were dried for 24 h Advances in Materials Science and Engineering 3 at 80 to 200 kPa and 105 ∘ C in a soda lime vacuum oven. The determination of the degree of reaction of the fly ash was based on a selective dissolution procedure using a picric acidmethanol solution and water [28] .
Equations for Quantitative Calculations
Reaction Degree Model of Fly Ash-Cement Mixtures.
Powers [29] considered that the nonevaporated water of pure cement paste is an important indicator of the degree of the cement reaction. The nonevaporated water ratio of hydration at different ages ( ,( ) ) and the cement fully hydrated value ( ,(∞) = 0.23) characterized the degree of the cement reaction and the amount of hydration products. Nonevaporated water comes mainly from the CH and C-S-H gel of the hydration products. The addition of fly ash to cement pastes results in changes in the nonevaporable water content of the paste. Cement hydration generates C-S-H gel and CH, while the fly ash reaction can also form C-S-H gel by consuming the CH that is produced by the cement reaction. Therefore, the nonevaporated quantity of water is not an appropriate measure to distinguish the reaction degree of cement and fly ash.
The total nonevaporated quantity of water (( ) 1 ) for the fly ash-cement cementitious system can be expressed as
where ( ) c is the nonevaporable quantity of water for the cement hydration and ( ) f is the nonevaporable quantity of water for the fly ash reaction. c represents the mass fraction of cement, and f is the mass fraction of fly ash. Because fly ash improves the effective water-cement ratio and leads to increases in the degree of hydration of the cement, the nonevaporated water of the hydration products generated by cement is
where ( ) c−0 is the nonevaporated quantity of water for pure cement under the same conditions of hydration, and ( ) c−f is the nonevaporable quantity of water as a result of the enhancement in cement hydration due to the presence of fly ash. Equation (3) then becomes
The degree of hydration of the fly ash-cement blended materials can be expressed by the following equation:
where 1 is the total degree of hydration of fly ash-cement pastes, c is the degree of reaction of pure cement, f is the degree of the fly ash reaction, and c−f is the increase in the degree of hydration of cement due to the presence of fly ash. c is calculated using the nonevaporated water and the Powers' model, and f can be directly determined by selective dissolution in hydrochloric acid. The nonevaporated water of fully hydrated fly ash obtained is 0.168 from the stoichiometry analysis of fly ash reactions [26] . The presence of fly ash leads to an increase in the degree of hydration of the cement ( c−f ) that can be calculated by the total nonevaporated water, the nonevaporated water of pure cement, and the nonevaporated water of the fly ash. c−f is obtained from
Calculation Model of Each Phase Volume Fraction for
Fly Ash-Cement Mixtures. Papadakis [30] considered that the glass phase of fly ash mainly consists of active silicon dioxide and aluminum oxide phases that participate in the hydration reactions and generate C 3 S 2 H 3 , C 4 ASH 12 , and C 4 AH 13 . It is assumed that 1 m 3 of paste includes C kg cement, W kg water, and FA kg fly ash, respectively. ,C and ,FA represent the mass fraction of oxide
) of cement and fly ash, respectively. is the mass fraction of active oxide ( = S, A) of fly ash; is the unreacted content of cement and fly ash, and is the content of bound water. The model has been proposed according to the stoichiometric reactions for the fly ash-cement blended pastes [30] .
When the gypsum content is higher than the amount required to fully hydrate the cement and the activated alumina of the fly ash, CSH 2 The cement reaction occurs as follows:
The fly ash reaction occurs as follows:
The quantities of each phase are Advances in Materials Science and Engineering
When result of (17) is positive, the pozzolanic reactions of fly ash occur fully; otherwise, there is not enough CH to react with the A and S of the fly ash. When CH = 0, the maximum content of fly ash, FA max , can be obtained.
The volumes of each phase are
(2) When the amount of gypsum in the cement is sufficient to hydrate the cement but is not enough to react with all the fly ash activated alumina:
The cement reaction occurs as follows:
The quantities of each phase are 
The volumes of each phase are (35) 
Results and Discussion
Experimental Results of Fly Ash-Cement Mixtures
Degree of Fly Ash Reaction.
As can be seen in Figure 1 , the degree of the fly ash reaction increased with increasing curing age for various water binder ratios and amounts of fly ash. In the early stage (1∼7 d), the fly ash (3% to 25%, mass fraction) had a greater level of participation in the pozzolanic reaction. Testing the specific surface area and particle size distribution of the fly ash revealed that the fly ash particles were small and their surface area was up to 665 m 2 /kg. The outer surface of a large number of fine particles of hydrated fly ash was exposed to CH in the early stage, and the pozzolanic reactivity of fly ash occurred rapidly. One investigation [31] examined cement-fly ash paste by SEM and found that the surface of many fine fly ash particles appeared to be etched at the age of 7 d and that hydration products were formed on the surface of the fly ash particles. The present study has shown that a pozzolanic reaction with some of the fly ash began at this stage. When examined at a later age, the degree of the pozzolanic reactions with fly ash had also increased, but the increases gradually slowed.
The effect of fly ash incorporation on the degree of the fly ash reaction at the same water binder ratio (0.5) is shown in Figure 2 . The degree of the fly ash reaction decreased with increasing amounts of fly ash. When the fly ash content increased from 10% to 30%, 40%, and 50% (mass fraction), the degree of the fly ash reaction at 28 d decreased from 37.1% to 29.0%, 25.4%, and 20.6%, respectively. As the incorporation of fly ash increased, the proportion of cement decreased, and thus the consumption of CH increased, and its production decreased in the fly ash-cement mixtures. The amount of CH in the pore solution decreased, and the degree of the fly ash reaction declined. A 10% content of fly ash showed the highest reaction degree, with 45.15% at 180 days, whereas the reaction degree of the 50% content was only 33.11%, indicating that nearly 67% of the fly ash did not react. Therefore, the filling effect and the microaggregate effect are the major effects when the fly ash amount increases and the pozzolanic reaction is relatively weak.
The effect of the W/B ratio on the degree of the fly ash reaction at the same fly ash incorporation (50%) is shown in Figure 3 . When the W/B ratio rises from 0.3 to 0.5, the degree of the fly ash reaction exhibited a linearly increasing trend with increased water binder ratio. The average reaction degree of fly ash increased by approximately 11.0% with each 0.05 increase in the water binder ratio.
Degree of Cement Reaction.
The nonevaporable water content of the pure cement pastes changed with curing age, as shown in Figure 4 . Curing age had a greater impact on the nonevaporated water content, especially in the early stages (before 28 d). From preparation to the curing time of 7 d, the nonevaporable water content increased rapidly. Fly ash incorporation (%) and 0.4, while the nonevaporable water content of the paste with the W/B ratio of 0.5 continued to increase. Based on the experimental results for the nonevaporable water content in the pure cement pastes, the reaction degree of cement ( C ) can be calculated using (2) . In this study, the degree of the cement paste reaction at different W/B ratios and different curing ages is shown in Figure 5 . There is no suitable experimental method to measure the degree of the cement reaction for fly ash-cement pastes at the present time, mainly because the fly ash-cement paste contains not only C 2 S 2 H, Ca(OH) 2 , C 3 AH 6 , and AFt from cement hydration but also includes C 2 S 2 H, C 3 AH 6 , and AFt from the pozzolanic reactions of fly ash and Ca(OH) 2 . There are no significant differences in the composition and structure of the C 2 S 2 H, C 3 AH 6 , and AFt that are formed in the fly ash reactions from those formed in cement hydration. It is difficult to experimentally separate them. Therefore, the traditional methods of determining the hydration degree of pure cement paste have failed by measuring the nonevaporable water and Ca(OH) 2 contents of blended pastes. However, quantifying the degree of the cement reaction is the prerequisite for understanding the hydration processes of fly ash-cement pastes. As shown in Figure 2 , the degree of cement hydration of pure cement paste depends on the water-cement ratio. An equation describing the relationship between the hydration degree and water-cement ratio is expressed as follows [5] :
where 1 ( ) and 2 ( ) are the age-related functions and W/C is the water-cement ratio.
To calculate the degree of cement hydration of the fly ashcement system, the water/cement (W/C) ratio is replaced by the effective water binder ratio in (40). In addition, the fly ash pozzolanic reactions will occur and generate a new product, so the effective water binder ratio is replaced by W/(C+ f FA):
The degree of cement hydration of the fly ash-cement system can be calculated under various conditions according to (41), as shown in Figure 6 . It was found by comparing the curing times in Figure 6 that the degree of cement hydration was higher than that of pure cement paste under the same conditions when fly ash was mixed into the cement paste. When the fly ash content increased, the hydration degree of cement increased. This is mainly because the incorporation of Degree of pure cement reaction (%) fly ash increased the effective water-cement ratio of cement, improving the hydration environment, and thus increasing the hydration degree. The fly ash contributes to consumption of the hydration product of cement (Ca(OH) 2 ), and therefore it is beneficial for the hydration reaction of cement.
Content of Nonevaporable Water.
The measured results of nonevaporable water in fly ash-cement blended pastes under various conditions are shown in Figure 7 . It can be seen in Figure 7 that the nonevaporated water content of fly ash-cement pastes with 10%, 30%, and 40% fly ash are higher than the pure cement paste in addition to the 50% content. After 7 d, the differences were not significant. This may be because the nucleation and crystallization of Ca(OH) 2 were induced by the fine particles of the fly ash, thus contributing to cement hydration. Within a certain range of incorporation, the promotion effects of fly ash exceeded the negative effects due to the slow development of the activity of fly ash and a small number of hydrates. The nonevaporable water content of fly ash-cement pastes will be higher than that of pure cement pastes. From the nonevaporable water trend, the blended pastes of fly ash incorporation of 10∼30% showed the highest nonevaporable water. Zhang et al. [32] also found that fly ash can improve the early hydration rate of cement.
Powers [29] proposed that nonevaporable water in pure cement paste is one index for the degree of cement hydration. Nonevaporable water of the hardened pastes comes mainly from the hydration products, Ca(OH) 2 and C-S-H gel. In the fly ash-cement blended pastes, both cement hydration and the fly ash reaction produce C-S-H, and the fly ash can also consume Ca(OH) 2 that is produced by the hydration of the cement. Therefore, it is not appropriate to directly use the nonevaporable water to measure the degree of reaction of the blended pastes. 
Verifying the Model of Fly Ash-Cement Blended Pastes
The Equations for the Increased Hydration Degree Values of Cement.
According to the experimental results of the total amount of nonevaporable water, the degree of the fly ash reaction and the degree of increasing cement hydration were calculated in the fly ash-cement composite systems under various conditions by (7) and (8) as shown in Figures 8 and  9 . Figure 8 shows the variation of the degree of hydration of cement in the blended system with the fly ash addition of 50% as the W/B ratio changed from 0.3 to 0.5. The reaction degree at every curing age increased linearly with increases of the W/B ratio. Figure 9 shows the degree of cement hydration with the trend of its fly ash content when the W/B ratio was 0.5. It can be observed that the added degree of hydration of the cement increased with increases of the fly ash content. When the fly ash content was less than 0.3, the curing age had little influence on the increased degree of hydration of the cement. When the fly ash content was greater than 0.3, the degree of hydration of the cement was significantly improved with increasing curing age. For example, as the curing age of the fly ash-cement system increased from 1 d to 180 d, the value of the degree of hydration of the cement increased from 0.07 to 0.11 when its fly ash content was 0.1. The increased value of the degree of hydration of cement improved from 0.34 to 0.72 when the fly ash content was 0.5. Clearly, the W/B ratio, fly ash content, and curing age can each promote the degree of hydration of the cement. On the one hand, this is mainly due to the incorporated fly ash increasing the effective W/B ratio of the cement and improving the cement hydration environment. On the other hand, this is due to the postsecondary reactions of fly ash that promptly consume the Ca(OH) 2 that is generated by the hydration of the cement, which is advantageous for the hydration reactions of cement. One objective of this study was to predict the increased degree of hydration of cement and degree of reaction of fly ash in the fly ash-cement blended system with different fly ash contents, W/B ratios, and curing periods. Based on the results of Figures 8 and 9 , it is concluded that the increased values of the degree of hydration of cement containing added fly ash and the quantitative relationships among the reaction degree of fly ash, the W/B ratio, and the fly ash content can be expressed as follows, as determined by multiple regression analysis: The CH content and porosity, as key parameters of the microstructure, were selected to verify the hydration products of fly ash-cement mixtures. The results of the experimental values were obtained from the literature [5] . In this experiment, the CH content of hydrated cement pastes was determined by thermal gravimetry analysis based on the ignited weight of the sample. The porosity of cement-fly ash pastes was obtained by mercury intrusion porosimetry. The CH and porosity values are presented in Section 3.2. Figure 12 and experimental values of the CH content. For different W/B ratios and fly ash content, the predicted results came closer to the experimental values with increasing curing age. The maximum relative errors were 13.5%, 11.3%, and 6.6% at 7 d, 28 d, and 90 d, respectively. Figure 13 shows the comparison of the predicted and experimental values of porosity in fly ash-cement systems. For all samples, the predicted values were higher than the measured values. The maximum relative errors were 11.7%, 11.2%, and 13.9% at 7 d, 28 d, and 180 d, respectively. The main reason is that the porosity of the blended system calculated by the model is the capillary porosity (the porosity contained in the capillary pores and the porosity of the gel) that was obtained by mercury intrusion. Therefore, with longer curing ages, more C-S-H gel phase was generated by the second hydration of fly ash, and the differences between the predicted and measured values increased.
Conclusions
(1) The degree of hydration of cement in the pure cement pastes was determined by measuring the nonevaporable water content. The degree of the fly ash reaction in fly ash-cement blended pastes was determined using a selective dissolution method.
(2) Based on the degree of hydration of cement and the effective W/B ratio, the degree of hydration of cement in fly ash-cement blended pastes was acquired.
(3) A hydration model of fly ash-cement blended pastes has been established based on the degree of reaction and the hydration products. This model incorporates the reactions of fly ash and the hydration of cement but is also influenced by their interactions.
